The kinematic model for surface irrigation, reported previously by Sherman and Singh (1978), is extended. Depending upon the duration of irrigation and time variability of infiltration, three cases are distinguished. Explicit solutions are obtained when infiltration is constant. When infiltration is varying in time, a numerical procedure is developed which is stable and has fast convergence. A rigorous theoretical justification is developed for computation of the depth of water at and the time history of the front wall of water advancing down an infiltrating plane or channel. A derivation is given of the continuity and momentum equations when there is lateral inflow and infiltration into the channel bed.
showed, using kinematic wave theory, that the governing equations for surface irrigation constitute a free boundary problem. A free boundary problem will also arise if the governing equations are based on the zero inertia approximation or the full form of the St. Venant equations. An explicit discussion of these mathematical issues does not occur in the other references cited above.
In irrigation hydraulics both advance and recession are free boundaries which are not known a priori but must be determined concurrently with the solution of the governing equations. Basserr [1972] and Basserr and Fitzsimmons [1976] presented a hydrodynamic model for border irrigation. They solved the St. Venant equations numerically using the method of characteristics [Streeter and Wylie, 1967] . From their discussion an explicit formulation of the free boundary problem is not clear. This also holds for the studies by Katopodes and Strelkoff [1977a, b] .
Strelkoff pioneered the concept of zero-inertia in hydraulic modeling of surface irrigation In this study we will address ourselves to the above mathematical issues, that is, (1) formulation of free boundary problems using kinematic wave theory and full dynamic equations and (2) solution of the free boundary problem using kinematic equations. Sherman and Singh [ 1978] developed a kinematic model for surface irrigation which considered advance, storage depletion, and recession phases of the irrigation cycle [Basserr and McCool, 1973 ]. We will continue the analysis of this model here. We refer to that work for the background information but briefly outline below the formulation of the problem.
Surface irrigation essentially deals with water flowing down a plane (border) or channel and infiltrating into the channel bed. We consider a rectangular channel of uniform cross section which is initially dry. Let x be the distance along the channel which extends indefinitely to the right of x = 0; x = 0 is the position of its head. At time t = 0, water is released at the head x = 0. The depth of water inflow at x = 0 is assumed to be a known time-dependent function g(t). The inflow of water at x = 0 lasts for a specified length of time T. When water is released, according to the discussion by Sherman and Singh [1978] , there is a front wall of water which advances down the channel. This front wall of water is the advance front, that is, the interface between the water covered and uncovered part of the channel. Let x = s(t) or, inversely, t = [(x), be the time history of that advancing front; this time history is the advance function. This front is a free boundary which has to be determined along with the depth h(x, t) and velocity u(x, t). Let f(r) be the infiltration rate (volume per unit area per unit time) at time r = t -[(x); r denotes the infiltration opportunity time at a point x in the plane, that is, the interval of time that water has covered the point x, where t is the total time elapsed since the inflow began. The infiltration rate f(r) is assumed to depend only on the difference r between the total elapsed time and the advance time; that is, it is time dependent but independent of xforx > 0.
The depth of water h(x, t) and the unknown time history [(x) are subject to the following kinematic formulation: Depending upon the variability of infiltration f and the kinematic wave friction parameter a, three cases were distinguished by Sherman and Singh [1980] : (1) f and a were constant, (2) a was stationary but space dependent and f was constant, and (3) f was time variant but space independent and a was constant. Explicit solutions were obtained when f was constant, and an approach was suggested when f was time dependent. One of the assumptions imposed on the depth of inflow was g(t) = g > O, 0 -< t -< T, g(t) = O, t > T. A closer inspection of the above solutions shows that it was tacitly assumed that T _-> (n -1)g/f (see figures 4 and 8 of Sherman and Singh [1978] ). In this study we relax this assumption and discuss the case where T < (n -1)g/f.
The case f(r) not constant is briefly discussed by Sherman and Singh [1978] but the discussion is incorrect from (39) forward. In (39), •O in the first equation should be •x). In this paper we discuss this problem again (this time correctly) and show how to obtain the solution by an iterative procedure which can be carried out on a computer. We present the results of several such calculations.
In the last section of the paper we give a derivation of the St. Venant equations when there is lateral inflow (rainfall) and infiltration. These two terms do not appear symmetrically in the momentum equation, because in lateral inflow there is no momentum contribution to the flow in the channel direction, while momentum is lost in infiltration. Versions of the momentum equation which we believe are incorrect have appeared in the literature; we hope the discussion in this paper will rectify this matter. There is a derivation by Stoker [1957, chapter 11], but infiltration is omitted in that discussion. There are a number of errors in the work by Sherman and Singh [1978] which are corrected in the companion to this paper [Sherman and Singh, this issue].
THE CASE T < (n -1)g/ f
We make the additional assumptions g(t) = g, 0 _-< t _-< T, g(t) = O, t > T, a(x) = a, and f(r) = f, where g, a, and f are positive constants. The assumption that the depth of inflow g at the upstream end is constant is reasonable and has been used before. However, this assumption is not necessary for obtaining numerical solutions. Although a varies in both x and t, for practical considerations it is assumed to be constant. The assumption that infiltration f is constant is perhaps the most restrictive. However, it is essential for obtaining explicit solutions, which can give a great deal of insight in understanding of irrigation phenomenon. Moreover, this assumption may not be unduly 
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Let the continuous function g(t, e) be defined as follows: g(t, e) = g, 0 =< t _-< T, g(t, e) is a decreasing function in T _-< t _-< T + e such that g'(t, e) -• -o• as e --> 0 (e.g., g(t, e) = g(T + -t)/e), and g(t, e) = 0; t => T. The solution h(x, t, e) of Oh Oh m + nahn-1 --f h(O, t, e) = g(t, e) (3)
Ot Ox tends to the solution of (2) 
From (6) it is clear that the flow depends on both x and t and is therefore both unsteady and nonuniform. The part OP of FB1, i.e., the locus t = •(x) (in the form x = s(t)), is .....
X f gn g n and FB3 is given by
X = otfn-l(t-T) n (8)
The curve x = x(t, T), joining t = T on the t axis to P, is Here T -< cr -< cro(e), where cro(e) is some number less than T + e. In (10) we introduce a new parameter, T = g(cr, e)/g. Then T =< cr -< T + e implies 1 >= T >--0. The reason for the introduction of the parameter T is as follows: The parameter cr runs from T to cr0(e), where •cro(e), e) and ,/(cro(e), e) are the x and t coordinates of point Q in Figure 1 , and then from fro(e) to T + e. Thus the characteristics issuing from points on the t axis below t = cro(e) terminate on PQ, and those issuing from points above t = cro(e) terminate on FB3. When cr runs from T to cro(e), the parameter T runs from 1 to To(e) = g(cro, e)/g, and when cr runs from cro(e) to T + e, the parameter T runs from To(S) to 0. PQ is now represented parametrically by x = •T, e) t = */(T, e), where •T, e) is defined by the first line in (11) and */(T, e) is defined by the differential equation in the second line of (11) together with the initial condition in the third line of (11). Here T >= T >= To(e). If now we let e --> 0, then To(e) will tend to some value To between 1 and 0, which can be determined according to the discussion below (12). The advantage of this procedure is that (11) turns into (12), which eliminates all reference to both e and g(t, e), and from (12) 
X = 7 {gn _ [g _ f(t-T)] n} (9)
The solution •(x) of (26) determines k(x, r), satisfying (18). We can achieve further simplifications by introducing 
DISCUSSION OF THE CALCULATION AND NUMERICAL RESULTS
We will now discuss the numerical experimentation on the computer. In this study our objective is not to validate the kinematic model using field observations. This constitutes a separate portion of the study, which will be•reported in the near future. Here our objective is to develop a numerical 
